The nuclear DNA content of 11 species of Glomales was evaluated by flow cytometry after DAPI staining relative to Gigaspora margarita, which was used as internal standard. The nuclear DNA content of this species was calibrated by propidium iodide staining relative to chicken red blood cells. A correction was applied when the difference in AT content of the DNA was significant between a sample and the standard. A single unimodal peak of fluorescence was observed for nuclei from the quiescent spores of the 11 fungal species studied. It was considered that this peak corresponded to the amount of DNA in the genome of each species. Important interspecific variations in DNA content per nucleus (1-to 8-fold) were observed among four species of the genus Scutellospora.
Introduction
The amount of DNA in the haploid genome is called the genome size or C value, where C stands for constant, to denote the fact that the size of the haploid genome is fairly constant within a species (Swift 1950) . Nevertheless, C values vary widely among species of prokaryotes and eukaryotes. Bacterialgenome sizes vary over 20-fold, ranging from about 6 × 10 5 to more than 10 7 bp (Cavalier-Smith 1985) . C values in eukaryotes vary by approximately 80 000-fold, ranging from 8.8 × 10 6 to 6.9 × 10 11 bp (Cavalier-Smith 1985) . Fungal genomes are of intermediate size, ranging from 8.8 × 10 6 to 1.47 ×10 9 bp. In eukaryotic organisms, large genome variations are generally considered to be due to the presence of noncoding repeated DNA sequences (Bennett 1987) . Consequently, the relationship between the number of genes and total nuclear DNA content is different between and within species, creating the "C-value paradox" (Ohno 1970; Thomas 1971) .
In this paper, we report the nuclear DNA content for species within Glomales, an order grouping endomycorrhizal fungi that form intracellular arbuscules (AMF: arbuscular mycorrhizol fungus) in plant roots (Morton and Benny 1990) . Glomales are classified within the Zygomycotina (Benjamin 1979) and are obligate biotrophs. The association with land plants most likely dates from about 400 million years ago (Pirozynski and Dalpé 1989; Simon et al. 1993; Remy et al. 1994; Taylor et al. 1995) . The endosymbiotic fungus facilitates uptake of mineral nutrients to the host plants and, in return, receives reduced carbon (Chiariello et al. 1982; Smith and Gianinazzi-Pearson 1988; Bolan 1991; Jakobsen 1995) .
In contrast with those of other fungi, AMF spores, which serve in the identification and taxonomy of these fungi, are large and multinucleated (Gerdemann and Trappe 1974; Morton 1988; Morton and Benny 1990) . Morphological studies have shown that nuclei form a dense continuous layer on the inner side of spore walls that surround a voluminous lipid reserve (Bianciotto and Bonfante 1992) . Numbers of nuclei per spore have been studied by different methods, and they vary greatly within species and according to the measuring procedure used (Burggraaf and Beringer 1989; Bécard and Pfeffer 1993) : for example, Gigaspora gigantea forms spores reported to contain about 2600 nuclei, based on counting after DAPI (4´,6-diamidino-2-phenylindole) staining (Cooke et al. 1987) , or as many as 27 000 nuclei, according to estimates by Viera and Glenn (1990) . Data about DNA content per nucleus of Glomales are scarce and differ greatly among authors. For instance, according to Viera and Glenn (1990) , Scutellospora persica and Glomus versiforme should have 1.7 and 3.4 pg of DNA per nucleus, respectively, based on DNA quantification after extraction from multisporal samples, while according to Bianciotto and Bonfante (1992) , G. versiforme and Gigaspora margarita should have 0.27 and 0.77 pg of DNA per nucleus, respectively, as measured by DAPI microfluorimetry.
The aim of the present work was to measure nuclear DNA content of 11 fungal species of Glomales from 4 different genera, using flow cytometry.
Materials and methods

Production of spores
A neutral clay-loam soil (Epoisses, Institut national de la recherche agronomique (INRA), Bretenières) was gamma-irradiated (10 kGy), and onion plants were grown in pots containing 400 g of this soil inoculated with about 100 spores of each AMF isolate (Table 1) . Plants were grown individually for 6 months under controlled conditions (16 h light at .54 W/m 2 , 25°C, and 80% relative humidity) and watered daily with osmosed water. To harvest spores, the substrates from the pot cultures were wet sieved (Gerdemann and Nicolson 1963) and the spores were washed and purified by Percoll gradient centrifugation, as described by Hosny et al. (1996) . Spores of each isolate were individually checked under a stereomicroscope for conformity with the taxonomic characters of the species.
Extraction and staining of nuclei
To stain nuclei with propidium iodide (PI), chicken red blood cells (CRBCs) and G. margarita spores were fixed in 4% paraformaldehyde (w/v) in NUC buffer (Galbraith et al. 1983 ) for 2 h on ice and then rinsed twice in sterile distilled water. Spores were crushed in NUC buffer, diluted in the same buffer to 200 spores/mL, and then filtered as above but using a mesh of 25 µm pore size to remove large debris. The crude samples containing nuclei were layered on a solution containing 2.2 M sucrose, 50 mM Tris-HCl (pH 8), and 10 mM MgCl 2 , and centrifuged at 4°C for 45 min at 21 000 × g (15 000 rpm) in a fixed-angle rotor F0650 (Beckman). Since PI can stain both DNA and RNA, the pellets containing nuclei were resuspended in PBS buffer and treated for 2 h at 37°C with 5 µg/mL RNase in the presence of 1 µg/mL spermidine as co-factor. Nuclei were then stained by the intercalating dye PI (molecular mass = 668 Da) for at least 20 min at a final concentration of 100 µg/mL. All isolation and staining steps of nuclei were carried out at 4°C or on ice.
Unpurified nuclear suspensions were prepared as follows: samples of 100 spores were crushed in NUC buffer composed of 100 mM Tris-HCl (pH 7), 100 mM NaCl, 2 mM MgCl 2 , and 0.1% Triton X-100, in Eppendorf tubes, using a micropestle, and then filtered through a nylon membrane with a pore size of 40 µm. The suspensions were immediately stained with DAPI, at a saturated concentration (5 µg/mL), for 15 min.
In order to examine the nuclei of each species, single spores of each isolate were crushed between a cover slip and a slide in the presence of DAPI. Preparations were viewed with a Leitz microscope under UV light (hazey mercury lamp, A2 filter (Leitz), excitation wavelength = 340 nm, blue emission wavelength = 465 nm), and nuclei were observed immediately.
PI staining for calibrating G. margarita nuclei as internal standard PI stained nuclear suspensions of G. margarita were analyzed using a FACscan flow cytometer (Beckton Dickinson, Belgium) with an argon laser emitting 14.86 mW of light at 488 nm. PI red emission was measured through a 625 nm band pass filter. Linear scale (FL2-A) data were recorded on a Hewlett Packard (HP 9000, model 300) computer, using CellFit software. So that nuclei of G. margarita could be used as an internal standard in the DAPI analysis, they were compared with CRBCs, which contain 2.33 pg DNA/2C (Galbraith et al. 1983) .
DAPI staining for analysis of 11 glomalean species
Unpurified DAPI stained nuclei were analyzed with a Partec CA-II flow cytometer (Chemunex, France), under UV excitation, using a high-pressure mercury lamp emitting 100 mW of light at 360 nm. DAPI blue emission was analyzed through a 420 nm long-pass filter. For maximum precision, only linear scale data were considered. Fluorescence intensity (FL) histograms were generated with DPAC software (Partec, Munster, Germany). Five replications per fungal isolate were prepared with two different concentrations of DAPI (1 and 5 µg/mL). The replication showing the lowest coefficient of variation (CV) for both peaks was used to estimate the C value of the species. The relative amount of nuclear DNA per sample was calculated by comparing the positions of the sample peaks with the position of the internal standard (G. margarita nuclei), using the following formula:
where C is the amount in picograms of DNA per nucleus and FL is the fluorescence intensity in arbitrary units (AU). Variance (var) and standard deviation (SD = var 1/2 ) of the ratio FL sample /FL standard (FL ratio) were calculated according to Kendall and Stuart (1963) as follows:
where x 1 is the FL random variable of the sample and x 2 the FL of the standard. The SDs of the relative C values were calculated as follows:
taking the C value of the standard without variance. GC content of glomalean DNA is very different from that of CRBCs (Hosny et al. 1997) . For this reason, the C values of the studied isolates were corrected relative to the G. margarita standard, using the following formula proposed by Marie and Brown (1993) :
Counting nuclei per spore in Scutellospora castanea Counts of nuclei were made by two different methods, flow cytometry and direct microscopic observation. In the former, four replicate samples of 50 spores of S. castanea were analyzed in five runs. Nuclei were suspended in 3 mL of NUC buffer, of which a 200-µL aliquot was used for each analysis. Resulting histograms were transferred to DPAC software and evaluated. Direct counting was done in collaboration with G. Bécard (Université Paul Sabatier, Toulouse, Fr.). Fourteen randomly selected spores were analyzed by mithramycin staining, coupled with UV light and digitalization for counting spots, according to the method reported for G. margarita by Bécard and Pfeffer (1993) .
Total DNA per spore in S. castanea The amount of DNA per spore was evaluated without DNA extraction by the method of direct lysis proposed for Rhizobium cells by Eckhardt (1978) . Increasing known numbers of spores (1-20) were crushed in 50 µL of lysis buffer composed of 100 mM Tris-HCl (pH 8), 10 mM EDTA, 2% glycerol, and 0.1% SDS. Five minutes at room temperature were sufficient to release the DNA from the sporal nuclei. The lysis volume was electrophoresed and native DNAs were stained with ethidium bromide (EtBr) and quantified by comparing the FL under UV light with a standard scale of lambda DNAs run on the same gels. Four or five replicates of 5, 10, or 15 spores per well were analyzed.
Results
Nuclear DNA content
The DNA content of G. margarita nuclei, as analyzed by both PI and DAPI fluorimetry, was used as an internal standard to evaluate the amount of DNA per nucleus (C values) of 11 other glomalean isolates. Given the AT preference of DAPI (Lin et al. 1977) and the difference in GC content between G. margarita (31.1%; Hosny et al. 1997) and CRBCs (42.7%; Sober and Harte 1973; Galbraith et al. 1983 ), the reference species was calibrated using the intercalating dye PI that binds to DNA independently of AT content. On a linear scale, FLs of G. margarita nuclei and CRBCs reproducibly yielded a ratio (R PI ) of 0.28 by PI staining (Fig. 1a) and a ratio (R DAPI ) of 0.73 by DAPI staining (Fig. 1b) . Since, for PI, the intensity of the fluorescence is proportional to the amount of DNA stained, this ratio corresponded to 0.28 × 2.33 = 0.65 pg DNA per nucleus for G. margarita. The ratios R DAPI and R PI were then used in the formula of Marie and Brown (1993) , with AT% (CRBC) = 57.3 (Galbraith et al. 1983) ; the AT% (G. margarita) was recalculated to be 69.4%, which is not significantly different from that (68.9%) obtained from HPLC (high performance liquid chromatography) measurements (Hosny et al. 1997) . Differences between the ratios R DAPI and R PI can be attributed to differences in AT content. For isolates with no significant difference in AT content from G. margarita, DNA content was evaluated without correction, while for isolates with at least a 3% lower AT content than G. margarita, DNA content was estimated after correcting, using the formula of Marie and Brown.
DAPI stained nuclei from all isolates produced a unimodal peak, which corresponds to a single C level. Figure 2 shows examples for Acaulospora laevis, Glomus geosporum, Gigaspora rosea, and Scutellospora gregaria. Occasionally in the S. castanea histograms, there was a small second peak (data not shown) located at a FL double that of the main peak. Microscopic analysis of DAPI stained nucleic suspensions performed on single crushed resting spores indicated that the second DNA peak from the flow cytometer was associated with pairs of nuclei but not with nuclei of double FL. Table 1 summarizes the amount of DNA per nucleus (C value) calculated from the DAPI staining assays for each of the 12 glomalean isolates, together with the number of nuclei analyzed. Values vary between the different species, the greatest variation being in the genus Scutellospora (0.13-1.08 pg DNA per nucleus) and the smallest being in the genus Gigaspora (both species have a C value of 0.65 pg). In the genus Scutellospora, the ratios between C values were not always close to multiples of a basic C value, as would be the case for classical ploïdy changes, and were not very different for the Glomus species.
Number of nuclei in S. castanea spores
Five flow cytometry counts were carried out on four replicates of nuclear suspensions from 50 spores. The mean number of nuclei per spore was evaluated at 575 with a SD per replicate of 47 (CV = 14.2%), indicating highly variable numbers of nuclei between spores. In parallel, direct microscopy counts of 14 individual spores resulted in a mean of 726 ± 106 (SD) nuclei per spore (CV = 54.7%), which is comparable with the values obtained by flow cytometry.
DNA content of spores of S. castanea
Different numbers of spores of S. castanea were analyzed by direct lysis to determine, using image analysis, FL saturation per number of crushed spores ( Fig. 3; Table 2 ). Spores were randomly collected or chosen with respect to their size and age. An average of 0.644 ± 0.043 ng of DNA per spore was estimated by comparison with known amounts of λ DNA.
According to the flow cytometric analyses, a mean number of nuclei per spore of 575 and a C value of 0.88 pg should give a mean DNA content per spore of about 0.506 ng, which agrees with the value of 0.644 ng DNA per spore obtained by direct lysis. This latter method releases not only nuclear DNA but also mitochondrial DNA (mtDNA). Assuming the proportion of mtDNA to be about 10% of the total genomic DNA, as for Saccharomyces cerevisiae cells, the mean nuclear sporal DNA would be 644 -64.4 = 580 pg DNA/spore. This value, divided by an average number of 575 or 726 nuclei, yields values of 1.01 and 0.80 pg DNA/nucleus, respectively, which are of the same order as 0.88 pg DNA/nucleus obtained by flow cytometry (Table 1) . Five (lanes 1-4) , 10 (lanes 5-9), or 15 (lanes 10-14) spores were crushed and lysed in a well of the agarose gel and electrophoresed.
Discussion
The present investigation indicates that DNA flow cytometry applied to nuclei released from spores of glomalean fungi is a reliable and useful approach for evaluating C values. Large numbers of nuclei can be quickly and automatically analyzed compared with static methods. The DNA content of glomalean fungi can be conveniently studied using the DAPI staining technique, as long as an internal standard having a similar AT content is used. For this reason, the C value of G. margarita was first estimated by PI staining relative to CRBCs, and then chosen as an internal standard to estimate the DNA content of other species of Glomales. The value of 0.65 pg per nucleus obtained for G. margarita is slightly lower than that of 0.77 pg per nucleus reported by Bianciotto and Bonfante (1992) . However, the latter value was obtained using DAPI staining, which is more sensitive to AT-rich DNA and overestimates DNA content if a correction for high AT content is not introduced.
The C values of the 11 glomalean species compared in this study ranged from 0.13 to more than 1 pg of DNA per nucleus. Variations in nuclear DNA content between species were often significant. They were greatest within the genus Scutellospora, ranging from 0.13 to 1.08 pg of DNA per nucleus. DNA content per nucleus ranged from 0.33 to 0.54 pg in the Acaulospora species and was 0.18 and 0.38 pg in the two Glomus species, encompassing the value of 0.27 pg published by Bianciotto and Bonfante (1992) for G. versiforme; in the two Gigaspora species, the DNA content per nucleus was similar.
If the overall size of the genome of glomalean fungi is compared with that of other fungi, the 8-fold range in size (0.14-1.15 pg DNA/nucleus) found in this study is low compared with the 167-fold range in size found over the whole fungal kingdom. However, the species of Glomales have large genomes compared with those reported for other Zygomycetes. For example, the DNA content per nucleus of Absidia glauca (Wöstemeyer and Burmester 1986) , Phycomyces blakesleeanus (Dusenberry 1975) , and Mucor azygospora (Dutta 1974 ) is in the range 0.03-0.04 pg. One exception seems to be the insect-infecting genus, Entomophaga, with 8.2 pg DNA per nucleus, which is the largest C value reported for fungi (Murrin et al. 1986 ). Lower fungi, like Achlya and Saprolegnia in the Oomycetes, have 0.04 and 0.2 pg DNA per nucleus, respectively (Tanaka et al. 1982) . Interestingly, the obligate plant pathogens Erysiphe graminis and Erysiphe choracearum (Cavalier-Smith 1985) have C values of 0.52 and 1.5 pg, respectively, similar to those of the obligate mutualistic glomalean fungi, although Bremia lactucae, another plant pathogen, has been reported to have a very small nuclear DNA content (0.05 pg) with low genomic complexity (Francis et al. 1990) .
The values of 575 and 726 nuclei per spore found in S. castanea are the lowest reported for species of Glomales studied to date. However, reported numbers of nuclei vary considerably within and between other species (Table 3) . These seem to depend partly on the method of analysis used. The approaches proposed by Burggraaf and Beringer (1989) or Viera and Glenn (1990) Note: The FL given by image analysis was compared with λ DNA as a standard. Five, 10, and 15 spores per well were analyzed, as shown in Fig. 3 . Table 2 . DNA content per spore of S. castanea, as estimated by direct lysis. (Cooke et al. 1987; Bécard and Pfeffer 1993) and flow cytometry methods (Bianciotto et al. 1995 ; present study) provide more realistic numbers.
The point can also be raised as to whether the DNA content detected at a single peak by flow cytometry corresponds to the C value at the G1 stage of the nuclear cycle and if this C value represents the genome size. In the present study, differences observed among different species of the same genus of Glomales tend to argue in favour of nuclear DNA content resulting, at least partially, from whole genomic duplication producing changes in ploïdy levels, but the irregularities also imply regional increases in genome sizes, which are caused by changes in the copy numbers of different sequences. In fact, a highly repeated DNA sequence with a copy number of more than 2000 for a sequence of 1200 bp, has been isolated from the genome of S. castanea, and this sequence does not hybridize with three other Scutellospora species (Zézé et al. 1994 (Zézé et al. , 1996 . However, to resolve this question, it is necessary to determine chromosome numbers in species of greatly differing DNA content but, to our knowledge, attempts to visualize chromosomes in Glomales have not been successful to date.
If these C values observed in different species of Glomales correspond to genome sizes, two working hypotheses can be proposed to explain the variability. In the first, increases in C values would not have been accompanied by significant modifications in genome complexity, so that DNA amplification will have caused a drift towards highly repeated conserved sequences. In the second, C values would be positively related to increasing genome complexity, which means that DNA amplification should have been followed by a high and rapid molecular divergence among repeated units. These alternative hypotheses could be tested by comparing the intraspecific polymorphisms between related species with genomes of different sizes. Table 3 . Numbers of nuclei per spore for Glomales species, according to different authors; differences between data reported for the same species are the result of whether the nuclei were counted or estimated.
